RA. Effect of dietary sodium on vasoconstriction and eNOS-mediated vascular relaxation in caveolin-1-deficient mice. Am J Physiol Heart Circ Physiol 294: H1258-H1265, 2008. First published January 4, 2008 doi:10.1152/ajpheart.01014.2007.-Changes in dietary sodium intake are associated with changes in vascular volume and reactivity that may be mediated, in part, by alterations in endothelial nitric oxide synthase (eNOS) activity. Caveolin-1 (Cav-1), a transmembrane anchoring protein in the plasma membrane caveolae, binds eNOS and limits its translocation and activation. To test the hypothesis that endothelial Cav-1 participates in the dietary sodium-mediated effects on vascular function, we assessed vascular responses and nitric oxide (NO)-mediated mechanisms of vascular relaxation in Cav-1 knockout mice (Cav-1 Ϫ/Ϫ ) and wild-type control mice (WT; Cav-1 ϩ/ϩ ) placed on a high-salt (HS; 4% NaCl) or low-salt (LS; 0.08% NaCl) diet for 16 days. After the systolic blood pressure was measured, the thoracic aorta was isolated for measurement of vascular reactivity and NO production, and the heart was used for measurement of eNOS expression and/or activity. The blood pressure was elevated in HS mice treated with N G -nitro-L-arginine methyl ester and more so in Cav-1 Ϫ/Ϫ than WT mice and was significantly reduced during the LS diet. Phenylephrine caused vascular contraction that was significantly reduced in Cav-1 Ϫ/Ϫ (maximum 0.25 Ϯ 0.06 g/mg) compared with WT (0.75 Ϯ 0.22 g/mg) on the HS diet, and the differences were eliminated with the LS diet. Also, vascular contraction in response to membrane depolarization by high KCl (96 mM) was reduced in Cav-1 Ϫ/Ϫ (0.27 Ϯ 0.05 g/mg) compared with WT mice (0.53 Ϯ 0.12 g/mg) on the HS diet, suggesting that the reduced vascular contraction is not limited to a particular receptor. Acetylcholine (10 Ϫ5 M) caused aortic relaxation in WT mice on HS (23.6 Ϯ 3.5%) and LS (23.7 Ϯ 5.5%) that was enhanced in Cav-1 Ϫ/Ϫ HS (72.6 Ϯ 6.1%) and more so in Cav-1 Ϫ/Ϫ LS mice (93.6 Ϯ 3.5%). RT-PCR analysis indicated increased eNOS mRNA expression in the aorta and heart, and Western blots indicated increased total eNOS and phosphorylated eNOS in the heart of Cav-1 Ϫ/Ϫ compared with WT mice on the HS diet, and the genotypic differences were less apparent during the LS diet. Thus Cav-1 deficiency during the HS diet is associated with decreased vasoconstriction, increased vascular relaxation, and increased eNOS expression and activity, and these effects are altered during the LS diet. The data support the hypothesis that endothelial Cav-1, likely through an effect on eNOS activity, plays a prominent role in the regulation of vascular function during substantial changes in dietary sodium intake. endothelium; nitric oxide; vascular smooth muscle; blood pressure; hypertension HIGH-SALT (HS) DIET IS OFTEN associated with increased vascular volume (4, 15). The volume overload triggers suppression of the renin-angiotensin-aldosterone system, leading to increased salt and water excretion and restoration of vascular volume toward normal (10 -12, 23). High dietary sodium may also promote vasoconstriction by changing plasma osmolarity, nuclear localization, and increased nuclear expression of vasoconstrictive stimuli, such as endothelin-1, release of ouabainlike factor, and activation of the sodium/calcium exchange mechanisms (1, 2, 18, 20, 28) . Other studies have suggested that high dietary sodium may also affect vascular nitric oxide (NO) production (9).
the renin-angiotensin-aldosterone system, leading to increased salt and water excretion and restoration of vascular volume toward normal (10 -12, 23) . High dietary sodium may also promote vasoconstriction by changing plasma osmolarity, nuclear localization, and increased nuclear expression of vasoconstrictive stimuli, such as endothelin-1, release of ouabainlike factor, and activation of the sodium/calcium exchange mechanisms (1, 2, 18, 20, 28) . Other studies have suggested that high dietary sodium may also affect vascular nitric oxide (NO) production (9) .
Caveolin-1 (Cav-1) is a transmembrane protein identified in the plasma membrane caveolae of many cell types, including endothelial cells, vascular smooth muscle (VSM), and the heart (6, 17, 23, 32, 36) . Cav-1 is an important regulator of vasoconstrictive signaling via ␣-adrenergic, angiotensin II (ANG II), and endothelin receptors (34, 38, 39, 43) . Evidence also suggests a role of Cav-1 in the anchoring of endothelial NO synthase (eNOS) to caveolae, thus limiting its translocation and phosphoactivation (3, 7, 33) . These studies have suggested a role of Cav-1 in the regulation of vascular function and growth (5, 29, 42) , as well as in the normal systolic and diastolic cardiac function (41) .
Although both HS and Cav-1 appear to affect vascular function and the NO pathway, their potential interactions on the NO-dependent mechanism of vascular relaxation and blood pressure (BP) regulation are unclear. We reasoned that, if Cav-1 and HS function through independent mechanisms, then changing dietary sodium intake should have similar vascular effects in wild-type (WT, Cav-1 ϩ/ϩ ) and Cav-1 knockout (KO, Cav-1 Ϫ/Ϫ ) mice. On the other hand, if Cav-1 and dietary sodium intake are functionally linked, then the effects of changing dietary sodium on vascular function should differ in Cav-1 KO and WT mice. If the latter possibility is true, then the HS-related differences in vascular function between the Cav-1 KO and WT mice should be minimized and/or improved with salt restriction.
The purpose of this study was to test the hypothesis that Cav-1, by affecting eNOS activity, plays a role in modulating vascular function during substantial changes in dietary sodium intake. We used WT and Cav-1 KO mice placed on a HS or a low-salt (LS) diet to investigate 1) whether the BP and vascular contraction are altered in Cav-1 Ϫ/Ϫ vs. WT mice on a HS diet; 2) whether vascular relaxation is modified in Cav-1 Ϫ/Ϫ vs. WT mice on a HS diet; 3) whether the changes in BP, vascular contraction, and relaxation in Cav-1 Ϫ/Ϫ vs. WT mice during a HS diet reflect changes in the expression and activity of eNOS and NO production; and 4) whether the effects on BP, vascular function, and the NO pathway associated with Cav-1 deficiency and HS diet are minimized and/or improved during salt restriction.
MATERIAL AND METHODS
Animals. Twelve-week-old KO (Cav-1 Ϫ/Ϫ ) and genetically matched WT (Cav-1 ϩ/ϩ ) male mice (stock numbers 004585 and 101045, respectively) were purchased from Jackson Laboratories, Bar Harbor, ME. The genotypes were confirmed by PCR according to Jackson Laboratories' guidelines. Animals were housed in the animal facility in 12:12-h light-dark cycle, at an ambient temperature of 22 Ϯ 1°C, and were maintained on Purina Rodent Chow (5053, 0.8% NaCl, Purina, St. Louis, MO) and tap water ad libitum. After 3 days of acclimatization, mice from each genotype were randomized to either HS (4% NaCl) or LS (0.08% NaCl) diets for 5 days to achieve sodium balance (14, 27) , then maintained on the respective diets for 11 more days. A subgroup of the HS mice was treated with the NOS inhibitor N G -nitro-L-arginine methyl ester (L-NAME) (0.2 mg/ml in drinking water) for 11 days. All experimental procedures followed the guidelines of, and were approved by, the Institutional Animal Care and Use Committee at Harvard Medical School.
BP. Systolic BP was measured in conscious mice after reaching sodium balance on days 0, 7, and 11 using tail-cuff plethysmography (BP analyzer, model 179, IITC LifeScience, Woodland Hills, CA). Mice were kept warm at 37°C for 10 min and allowed to rest quietly before BP measurements. The BP measurements were taken in mice kept calm and handled by the same person. No sedation was used.
Tissue preparation. After measuring the BP on day 11, mice were euthanized under deep anesthesia with isofluorane, the thoracic and abdominal cavity was opened, and the aorta and the heart were rapidly excised. The thoracic aorta was placed in oxygenated Krebs solution, carefully dissected and cleaned of connective tissue under microscopic visualization, and cut into 3-mm-wide rings. The heart and abdominal aorta were placed in liquid nitrogen immediately after collection, in preparation for mRNA and protein analysis.
Isometric contraction. Aortic segments were suspended between two tungsten wire hooks: one hook is fixed at the bottom of a tissue bath, and the other hook is connected to a Grass force transducer (FT03, Astro-Med, West Warwick, RI). Aortic segments were stretched under 0.5 g of resting tension and allowed to equilibrate for 45 min in a temperature-controlled, water-jacketed tissue bath, filled with 50 ml Krebs solution continuously bubbled with 95% O 2-5% CO2 at 37°C. The changes in isometric contraction were recorded on a Grass polygraph (model 7D, Astro-Med).
After tissue equilibration, a control contraction in response to 96 mM KCl was elicited. Once maximum KCl contraction was reached, the tissue was rinsed with Krebs three times, 10 min each. The control KCl-induced contraction followed by rinsing in Krebs was repeated twice. Aortic segments were stimulated with increasing concentrations of phenylephrine (Phe, 10 Ϫ9 -10 Ϫ5 M), concentration-contraction curves were constructed, and the maximal Phe contraction (in g/mg tissue weight) and ED 50 were calculated. In other experiments, the tissues were contracted with a submaximal concentration of Phe, increasing acetylcholine (ACh) concentrations were added (10 Ϫ9 -10 Ϫ5 M), and the relaxation of Phe contraction was observed. In another set of experiments, Phe concentration-contraction curves and ACh concentration-relaxation curves were constructed in endotheliumdenuded aortic segments, and the responses were compared with those in endothelium-intact segments. Other tissues were stimulated with ANG II (10 Ϫ7 M), and the maximal contraction was measured. Analysis of eNOS mRNA expression by real-time RT-PCR. Total mRNA was extracted from the aorta and heart using the RNeasy mini kit (QIAGEN Sciences, Germantown, MD). cDNA was synthesized from 1.5 g RNA with the first-strand cDNA synthesis kit (GE Healthcare, Piscataway, NJ). PCR amplification reactions were performed in duplicate using the ABI Prism 7000 sequence detection system (Applied Biosystems, Foster City, CA) and using the comparative threshold cycle method to determine mRNA levels. The gene expression data were normalized to 18S rRNA levels. PCR amplification to detect eNOS and 18S rRNA was performed with TaqMan gene expression assays (proprietary primers and probes designed and synthesized by Applied Biosystems). Data are presented as fold increase relative to the measurement in WT mice on a HS diet.
Western blot analysis. Protein was extracted by homogenizing cardiac tissue with RIPA lysis buffer (Santa Cruz Biotechnology, Santa Cruz, CA). Protein extracts (40 g) were combined with an equal volume of 2ϫ Laemmli loading buffer, boiled for 5 min, and size-fractionated by electrophoresis on 7.5% SDS-polyacrylamide gels. Proteins were transferred from the gel to a nitrocellulose membrane by electroblotting. Membranes were incubated with 5% nonfat dried milk in Tris-buffered saline-Tween (USB, Cleveland, OH) for 1 h and then incubated overnight at 4°C with mouse anti-eNOS antibody (1:2,500, BD Transduction Laboratories, San Diego, CA) or rabbit anti-phosphorylated eNOS (peNOS) antibody (1:1,000, Cell Signaling Technology, Danvers, MA). Cav-1 was detected using a mouse anti-Cav-1 antibody (1:1,000, BD Transduction Laboratories). After incubation in the primary antibody solution, samples were washed, incubated with peroxidase-conjugated secondary antibody, and analyzed using enhanced chemiluminescence (Perkin-Elmer Life Sciences, Boston, MA). The blots were subsequently reprobed for ␤-actin (1:5,000 dilution), and the results for eNOS, peNOS, and Cav-1 were normalized to ␤-actin to correct for loading. The immunoreactive bands were analyzed quantitatively by optical densitometry, and the densitometry values represented the pixel intensity.
Solutions and drugs. Krebs solution contained (in mM) the following: 120 NaCl, 5.9 KCl, 25 NaHCO 3, 1.2 NaH2PO4, 11.5 dextrose, 2.5 CaCl2, 1.2 MgCl2, at pH 7.4, and bubbled with 95% O2 and 5% CO2. 96 mM KCl was prepared as Krebs solution with equimolar substitution of NaCl with KCl. Stock solutions of Phe, ACh, and ANG II (Sigma, St. Louis, MO) were prepared in distilled water. All other chemicals were of reagent grade or better.
Statistical analysis. The data were analyzed using two-way ANOVA (Cav-1 status vs. salt intake) and presented as means Ϯ SE. Scheffé's F-test was used for comparison of multiple means. Pairwise comparison was made when a significant interaction effect was noted. Student's t-test for unpaired data was used for comparison of two means. Differences were considered statistically significant if P Ͻ 0.05. All studies were completed with the individual performing the study blinded as to the treatment group and genotype of the animal from which the tissue was isolated.
RESULTS
The systolic BP was not significantly different between Cav-1 Ϫ/Ϫ and WT mice on a HS diet ( Fig. 1) . However, when the HS mice were treated with L-NAME, a dramatic increase in BP was observed, particularly in the Cav-1 KO mice, suggesting increased NOS activity in association with Cav-1 deficiency and HS diet. The BP was significantly reduced in Cav-1 Ϫ/Ϫ and WT mice on LS compared with the HS diet, and no differences were observed between the WT and Cav-1 KO mice on the LS diet (Fig. 1) .
The total body weight was significantly reduced in the KO compared with the WT mice on both HS and LS diet ( Table 1) . The body weight was slightly but not significantly greater in mice on the HS diet compared with the LS diet. The weight gain with HS was ϳ2 g and appeared to be similar in both the WT and KO mice. The weights of the isolated aortic rings were significantly greater in Cav-1 KO on the HS diet compared with the WT on the HS diet or the Cav-1 KO on the LS diet (Table 1) . Interestingly, the Cav-1 KO mice on the HS diet have also shown the most significant increase in BP, suggesting a possible relationship between the aortic mass and the increased BP. Although the precision by which the lengths of aortic segments are cut may make the weight be different, whether the increased tissue weight in the Cav-1 KO on the HS diet reflects increases in the thickness of the total or certain layers of the vascular wall thickness warrants further histological examination and quantitative morphometric analysis in future studies.
In aortic segments incubated in normal Krebs solution, the ␣-adrenergic agonist Phe caused concentration-dependent contraction that reached a maximum of 0.75 Ϯ 0.22 g/mg in WT mice on the HS diet. The maximum Phe contraction was reduced in Cav-1 Ϫ/Ϫ compared with WT mice on the HS diet ( Fig. 2, top) . The Phe contraction was not significantly different between Cav-1 Ϫ/Ϫ and WT mice on the LS diet. Also, maximal Phe contraction was reduced in Cav-1 KO mice on the HS diet compared with those on the LS diet (Table 1) . However, when the Phe contraction was presented as a percentage of maximum and the Phe ED 50 was calculated, no significant difference was observed between Cav-1 Ϫ/Ϫ and WT mice on either diet (Fig. 2 , bottom, and Table 1 ), suggesting that neither Cav-1 deficiency nor dietary sodium affect the sensitivity of the ␣-adrenergic receptors to Phe. To determine whether the reduced aortic contraction in Cav-1 Ϫ/Ϫ mice is specific to a particular agonist or receptor, the vascular response to ANG II (10 Ϫ7 M) was measured. ANG II caused a small and transient contraction in aortic rings of all groups. The peak ANG II contraction was not significantly different between the Cav-1 Ϫ/Ϫ and WT mice on the HS diet. However, ANG II contraction was enhanced in aortic rings of Cav-1 Ϫ/Ϫ mice on LS compared with those on the HS diet (Fig. 3, top) . Because of the difficulty in measuring a maintained contractile response to ANG II, we measured the aortic contraction in response to high KCl (96 mM). Comparison of the KCl-induced contraction, a membrane depolarization-dependent and receptor-independent mechanism, indicated that it was reduced in Cav-1 Ϫ/Ϫ compared with WT, particularly during the HS diet (Fig. 3, bottom) . The KCl contraction data are consistent with the Phe data and suggest that the reduced vascular contraction in the Cav-1 Ϫ/Ϫ mice on the HS diet is not limited to a particular receptor and may involve a common downstream signaling or contraction pathway that is inhibited in the absence of Cav-1, possibly due to activation of an endothelium-dependent vascular relaxation pathway.
The maximal Phe (10 Ϫ5 M) contraction was enhanced in endothelium-denuded (1.73 Ϯ 0.85 g/mg tissue) compared with intact aortic segments from WT HS mice (0.73 Ϯ 0.22 g/mg tissue). Also, the Phe concentration-contraction curve was enhanced in endothelium-denuded (maximum: 0.42 Ϯ 0.15 g/mg tissue) compared with endothelium-intact aortic segments from Cav-1 KO mice on the HS diet (maximum: 0.29 Ϯ 0.06 g/mg tissue). Removal of the endothelium in aortic segments of Cav-1 Ϫ/Ϫ HS mice made the Phe response (maximum: 0.42 Ϯ 0.15 g/mg tissue) not significantly different from that in endothelium-intact WT HS mice (maximum: 0.73 Ϯ 0.22 g/mg tissue). Additional experiments revealed that maximal Phe contraction was enhanced in endothelium-denuded (1.35 Ϯ 0.5 g/mg tissue) compared with intact aortic segments from Cav-1 ϩ/ϩ mice on the LS diet (0.70 Ϯ 0.17 g/mg tissue). To test for a potential role of endothelium-derived NO in the reduced aortic contraction in mice on the LS diet, the effects of the NOS inhibitor L-NAME were examined. Treatment of aortic segments from Cav-1 ϩ/ϩ mice on the LS diet with L-NAME (10 Ϫ4 M) alone did not cause any detectable con- striction. On the other hand, the maximal Phe contraction was enhanced in endothelium-intact aortic segments treated with L-NAME (0.94 Ϯ 0.67 g/mg tissue) compared with nontreated segments from Cav-1 ϩ/ϩ mice on the LS diet (0.70 Ϯ 0.17 g/mg tissue). These data suggest prominent effects of endothelium-derived NO in the mouse aortic segments, and that NO production may be increased more during agonist stimulation compared with basal resting conditions.
In aortic segments from WT mice on either HS or LS diet and precontracted with Phe, ACh caused concentration-dependent relaxation that reached a maximum at 10 Ϫ5 M concentration (Fig. 4) . ACh-induced relaxation was nearly abolished in aortic segments from WT mice on LS when the segments were treated ex vivo with the NOS inhibitor L-NAME (10 Ϫ4 M) or when the endothelium was removed by scraping the interior of the vessel (Fig. 4) . ACh-induced relaxation was significantly greater in Cav-1 Ϫ/Ϫ compared with WT mice on the HS and LS diets (Table 1) . Also, ACh-induced relaxation was significantly reduced in endothelium-denuded aortic segments from Cav-1 Ϫ/Ϫ mice (Fig. 4) , suggesting activated endotheliumdependent vascular relaxation pathway(s) in the Cav-1 KO mice. While the LS diet did not improve ACh relaxation in the WT, it significantly enhanced ACh relaxation in the Cav-1 KO (Fig. 4 and Table 1) .
RT-PCR analysis showed significant amounts of eNOS mRNA expressed in the aorta and heart of WT mice. The aortic eNOS mRNA expression was significantly greater in Cav-1 Ϫ/Ϫ compared with WT on the HS diet (Fig. 5) . In contrast, eNOS mRNA expression was not significantly different between Cav-1 Ϫ/Ϫ and WT mice on the LS diet. Similar data were obtained for eNOS mRNA expression in the mouse heart (Fig.  5) . The eNOS expression was not different between the HS and LS groups.
Western blot analysis revealed that the amount of total eNOS protein in the heart was significantly greater in Cav-1 Ϫ/Ϫ compared with WT on the HS diet, which is in agreement with the eNOS mRNA expression data. Total eNOS protein was slightly, but not significantly, greater in Cav-1 Ϫ/Ϫ compared with WT on the LS diet (Fig. 6) . A marked twofold increase in peNOS could be observed in Cav-1 Ϫ/Ϫ compared with WT on the HS diet. In contrast, the amount of activated peNOS was not significantly different between Cav-1 Ϫ/Ϫ and WT on the LS diet (Fig. 6) .
Western blot analysis of heart tissue revealed that the amount of Cav-1 protein was significantly greater in WT compared with Cav-1 Ϫ/Ϫ on the HS or LS diet, confirming the genotype specifications obtained from Jackson Laboratories. The amount of Cav-1 was slightly but not significantly greater in WT mice on HS compared with those on the LS diet (Fig. 7) .
DISCUSSION
The present study demonstrates that 1) vascular contraction is reduced in Cav-1 Ϫ/Ϫ compared with WT mice on the HS diet, and the differences are eliminated during the LS diet; 2) endothelium-dependent vascular relaxation is enhanced in Cav-1 Ϫ/Ϫ compared with WT mice on the HS diet; 3) the LS diet enhances endothelium-dependent vascular relaxation in Cav-1 Ϫ/Ϫ but not WT; and 4) eNOS mRNA and protein are elevated in the heart of Cav-1 Ϫ/Ϫ compared with WT mice on the HS diet, and the genotypic differences are less apparent during the LS diet.
Cav-1 is a transmembrane anchoring protein and major regulator of signaling transduction in many tissues, including the vasculature. In VSM, Cav-1 plays a role in the coupling of ␣-adrenergic, ANG II, and endothelin receptors to VSM contraction and growth (34, 38, 39, 43) . In the endothelium, Cav-1 anchors eNOS to caveolae, thus preventing its activation and reducing NO production and vascular relaxation (3, 7, 33) . Previous studies have used Cav-1 KO mice on normal rodent chow (ϳ0.8% NaCl) to examine the role of Cav-1 in mechanotransduction, vascular remodeling, and cardiovascular function (5, 29, 41, 42) . In one study, Cav-1 null mice showed evidence of hyper-proliferative and vascular abnormalities (29) . Other studies have shown loss of caveolae, vascular dysfunction, and pulmonary defects in Cav-1 gene-disrupted mice (5) . Also, disruption of Cav-1 led to enhanced nitrosative stress and severe systolic and diastolic heart failure (41). Our present observation that vascular relaxation was greater in Cav-1 KO mice compared with WT is in general agreement with these reports.
Although previous studies support a role of Cav-1 in vascular signaling in mice on a regular salt diet, little is known regarding its role during substantial changes in dietary sodium intake. Our laboratory has previously shown that the effects of high dietary salt compared with normal salt on vascular function could be very subtle or undetectable in Sprague-Dawley rats (9, 35) . In contrast, our laboratory has documented that there are substantial differences in vascular function when animals on a normal or HS diet are compared with those on a sodium-restricted diet (40) . Therefore, to detect measurable effects of dietary sodium, it was important to examine the vascular function in mice at the two ends of the spectrum, i.e., under the dietary sodium-loading condition (HS) compared with the sodium-restriction condition (LS).
A chronic HS diet is often associated with vascular damage and/or remodeling, and Cav-1 could be one of the targets affected. We reasoned that, if Cav-1 and HS function through independent mechanisms, then changing dietary sodium intake should have similar vascular effects in WT and Cav-1 KO mice. On the other hand, if Cav-1 and dietary sodium intake are functionally linked, then the effects of high dietary sodium on vascular function should differ in Cav-1 KO and WT mice. Also, if the latter possibility is correct, then the HS-related differences in vascular function between the Cav-1 KO and WT mice should be minimized and/or improved with salt restriction. We observed that the magnitude of Phe-induced contraction was reduced in Cav-1 Ϫ/Ϫ compared with WT mice on the HS diet, suggesting a role of Cav-1 in the control of vascular function during the HS diet. The reduced Phe contraction in Cav-1 Ϫ/Ϫ HS mice can be, in part, explained by interruption of Phe-␣-adrenergic receptor interaction. However, analysis of Phe ED 50 indicated lack of statistical difference between aortic segments of Cav-1 Ϫ/Ϫ and WT, suggesting that the reduced Phe contraction in Cav-1 Ϫ/Ϫ mice is not due to changes in the ␣-adrenergic receptor binding and/or sensitivity to Phe. The renin-angiotensin system is modified during changes in dietary sodium intake (23) . Therefore, it is important to investigate the vascular response to ANG II in animal models on different dietary salt intake. Previous studies have shown that the contraction induced by ANG II was decreased in Cav-1 KO compared with WT mice under a normal salt diet (5). This is different from the present observation that ANG II contraction was not statistically different between Cav-1 KO and WT mice on HS. This can be related to the possibility that the reduction in ANG II response due to Cav-1 deficiency is masked by enhanced vascular sensitivity to ANG II associated with changes in dietary sodium intake. This is supported by the observation that the ANG II contraction was significantly increased in Cav-1 KO compared with WT mice on the LS diet, a condition known to induce the renin-angiotensin system and enhance the vascular sensitivity to ANG II (19) . We should caution that analysis of the ANG II vasoconstrictor response in the mouse tissues was difficult. ANG II is notoriously tachyphylactic in vascular tissues. Application of 10 Ϫ7 M ANG II caused a transient constriction that rapidly returned to basal levels. Also, a concentration-response curve to ANG II in mouse tissue was not possible to construct. On the other hand, high KCl is known to cause membrane depolarization and to induce vascular contraction via receptor-independent mechanisms. Consistent with the Phe contraction data, the KClinduced contraction was reduced in Cav-1 Ϫ/Ϫ compared with WT mice on the HS diet. These data suggest that the reduction in vasoconstriction in Cav-1-deficient mice on the HS diet is not specific to a particular agonist or receptor coupling mechanism in VSM. Alternatively, the receptor-nonspecific reduction in vascular contraction in Cav-1 Ϫ/Ϫ mice on the HS diet could be related to enhancement of the endothelium-dependent mechanisms of vascular relaxation.
The endothelium releases various vasodilator and constricting factors, and NO is a major endothelium-derived vasodilator (8, 16, 25) . Under basal conditions, eNOS is bound to Cav-1 at the endothelial cell caveolae. An increase in endothelial cell Ca 2ϩ by agonists such as ACh is thought to induce the release from Cav-1 of eNOS to the cytosolic compartment, where it is phosphorylated and fully activated (6, 7, 24) .
Several lines of evidence point to a role of endotheliumderived NO in the present BP and vascular function measurements in mice. 1) With L-NAME treatment, BP increased substantially, but more so in the Cav-1 Ϫ/Ϫ mice, suggesting an increase in NO production compared with WT mice. 2) Phe contraction appeared to be enhanced in endothelium-denuded vs. intact aortic segments and in L-NAME-treated vs. nontreated segments. Importantly, the Phe response in endotheliumdenuded aortic segments of Cav-1 Ϫ/Ϫ HS mice was enhanced to levels not significantly different from those observed in endothelium-intact WT HS mice, suggesting a role of endothelium-derived vasodilators in the reduced Phe contraction in the Cav-1 Ϫ/Ϫ HS mice. 3) ACh-induced relaxation was nearly abolished in endothelium-denuded aortic segments and in vascular segments treated with L-NAME. 4) ACh-induced relaxation was enhanced in Cav-1 Ϫ/Ϫ compared with WT mice on the HS diet, suggesting an increased amount and/or activity of eNOS and increased endothelium-derived NO. To further test whether the enhanced vascular relaxation in vessels from Cav-1 Ϫ/Ϫ mice involves eNOS activation and increased NO release, we attempted to measure NO production using two methods. In our hands, measuring nitrite/nitrate using Griess reagent or NO release using 4-amino-5-methylamino-2',7'-difluorofluorescein fluorescence in the relatively small tissue of mouse aorta was associated with high background signals that limited our ability to discern differences in NO production between the WT and Cav-1 KO mice.
We chose to further test the NO pathway using the more sensitive RT-PCR technique and using larger mouse tissues, such as the heart. Our laboratory has previously shown that a chronic HS diet in WT mice or in rats is not associated with cardiac tissue damage (21, 26, 30, 37) . We hypothesized that Cav-1 deficiency during the HS diet may affect eNOS expression and/or activity, not only in the blood vessels, but also in the heart. The RT-PCR experiments indicated increased expression of eNOS mRNA in the aorta and heart of Cav-1 Ϫ/Ϫ mice on the HS diet. Also, immunoblot analysis revealed that Cav-1 KO mice under the HS diet present more eNOS than WT mice. Additionally, a twofold increase in the amount of peNOS was observed in Cav-1 Ϫ/Ϫ mice on the HS diet, suggesting increased eNOS activity. Based on our preliminary observations that Cav-1 Ϫ/Ϫ mice have intact levels of Cav-3 expression in the cardiac myocytes (data not shown), the present results suggest that the observed effects in the heart are a reflection of changes of NOS expression and/or activity in the cardiac vessels and not the cardiac myocytes. Collectively, these observations suggest that Cav-1 may limit the expression and/or activity of vascular eNOS during the HS diet, and therefore the lack of Cav-1 is associated with constitutively larger amounts of eNOS and greater eNOS activation during the HS diet. We should note that Cav-1 KO mice under the HS diet present more eNOS than WT mice. However, no differences in the expression of total eNOS or peNOS were observed between KO and WT mice during the LS diet, despite an increased relaxation to ACh in aorta from KO mice under the HS compared with LS diet. This could be related to the possibility that eNOS expression may represent a compensatory protective mechanism that is activated to minimize vascular damage during the HS diet, but may not be needed during the LS diet. Also, biochemical measurement of peNOS may not be as sensitive a predictor of eNOS activity as the vascular relaxation assays. Additionally, peNOS was measured under basal conditions, while vascular relaxation was measured during stimulation by ACh. Furthermore, ACh-induced vascular relaxation involves activation of other pathways, in addition to eNOS and NO, including cyclooxygenase/prostacyclin and endothelium-derived hyperpolarizing factor(s). Whether Cav-1 binds to and inhibits additional vascular relaxation pathways and whether these pathways are activated in Cav-1 deficiency states are intriguing possibilities that should be further examined in future studies.
Our laboratory's previous studies in Sprague-Dawley rats have shown that changes in dietary salt alone are associated with slight or no change in BP or aortic vascular reactivity (9, 35) . The lack of salt sensitivity has been related to the possibility that the vasoconstrictive effects of HS are counterbalanced by HS-induced increase in NO production and vascular relaxation (9, 35) . The association between changes in NO and sensitivity to sodium has been supported by studies showing salt sensitivity in rats or mice treated with L-NAME, which inhibits NOS (13, 22, 31) or with endothelin B receptor antagonist, which blocks endothelial endothelin B receptormediated NOS activation and NO production (9) . The present study demonstrates significant differences in the BP and aortic constriction to Phe and KCl in Cav-1 Ϫ/Ϫ mice on LS compared with HS diets. Also, endothelium-dependent, NO-mediated vascular relaxation is enhanced in Cav-1 Ϫ/Ϫ vs. WT mice on the HS diet and is further enhanced in Cav-1 Ϫ/Ϫ mice on the LS diet compared with those on the HS diet. Additionally, eNOS expression and/or activity is elevated in the heart of Cav-1 Ϫ/Ϫ compared with WT mice on the HS diet, and the genotypic differences are less apparent during the LS diet. These data demonstrate salt sensitivity of the vascular mechanisms controlling BP, the vasoconstriction, the vascular relaxation, and the NO pathway in the Cav-1 null mouse.
The present data specifically address the salt sensitivity of the Cav-1 NO pathway and demonstrate the novel finding that a LS diet does not improve vascular relaxation in the WT, but significantly improves vascular function and ACh relaxation in the Cav-1 KO. The molecular interaction between Cav-1 and HS is unclear at the present time, but does not appear to involve changes in Cav-1 expression (see Fig. 7 ). However, the present data do not rule out the interesting possibility that the binding and inhibition of eNOS by Cav-1 may be more pronounced during the HS diet. We should note that, if binding of eNOS by Cav-1 is more pronounced during the HS diet, some differences in the WT mice on HS compared with LS diet should also be observed. The present data did not show significant differences in vascular contraction or ACh-induced relaxation in WT mice on the HS compared with LS diet, suggesting that LS alone may not be sufficient to reverse the binding and inhibition of eNOS by Cav-1. On the other hand, a significant decrease in vasoconstriction and enhanced AChinduced relaxation were observed in KO mice on LS compared with HS diet. These data raise the exciting possibility that the beneficial effects of LS diet may be more pronounced when eNOS is unlocked from its inhibition by Cav-1.
In conclusion, during the HS diet, Cav-1 deficiency is associated with decreased vasoconstriction and increased vascular relaxation and eNOS expression and/or activity, and these effects are altered during salt restriction. The data support the hypothesis that Cav-1, likely through an effect on eNOS activity, plays a prominent role in the regulation of vascular function, particularly when dietary sodium intake is substantially modified.
